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ABSTRACT

A technique is presented for the calculation of laminar, transi-

tional and/or turbulent flows over and in the near wake behind bodies

of revolution including the effects of separated flow and an operating

propeller. The technique uses an interactive boundary-layer program to

obtain a viscous solution over a nonseparating body and to provide up-

stream boundary conditions for a second program which solves the full

Navier-Stokes equations for the propeller, separated flow and near wake

regions.

The results of calculations made using individual elements of,

and the complete system of codes were compared with good agreement against

both experimental and numerical data and are included in the present work.
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INTRODUCTION

While considerable effort has been spent in obtaining experimen-

tal data in the wakes behind self-propelled bodies, somewhat less ef-

fort has been put into the prediction of the near wake. In the work

that has been done, the method generally used is to calculate the flow

about the body and utilize this as a basis for a wake solution.

Several studies have attempted to obtain solutions of the flow-

field about the body with the inclusion of viscous effects. The usual

method is to use some initial pressure distribution as a first guess and

then make use of boundary-layer theory over the forebody and non-

separating sections of the afterbody. The boundary-layer solutions ob-

tained ,are used by adding the displacement thickness from the boundary-
layer solution to the original body and, in turn, employing the new body

in calculating a new pressure distribution. The sequence is continued in

the same manner until a convergence is met by specifying that the dis-

placed body not change more than some amount between iterations. The

methods differ in their approach to the treatment of the separated re-

gion, the stern, near-wake and far-wake regions.

Beatty1 adds the displacement thickness found through a boundary-

layer solution to the original body up to the trailing edge. This pro-

cedure yields a cylindrical body with an abrupt, open end. Wake solutions

are found by extending a tube with radius of the displaced body at the

trailing edge and calculating an inviscid solution over this tube. The

body/tube Joint is accomplished by fairing a circular arc, tangent to the

body and tube. The method of Cebeci, Mosinskes and Smith2 simply

l
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modifies the body by adding the displacement thickness to the original

body up to the trailing edge; however, no model of the wake is sug-

(.gested.

Nakayama 3 employs a more complex model. A boundary-layer solu-

tion Is found over the forebody and the far wake, but Nakayama does not

use the displacement thickness for body modification. The potential

flow solution is matched at the edge of the boundary layer and wake.

Also a transverse pressure gradient is used in the boundary-layer in the

near wake.

The method of Brune, Ruppert and Forester 4 uses a boundary-layer

solution over the forebody and a complete Navier-Stokes solution of the

afterbody and into the wake. The method, however, is limited to treat-

ment of laminar flow, The use of the Navier-Stokes equations over so

large a body section requires extensive computational time.

Huang, Wang, Santelli and Groves 5 employed a boundary-layer solu-

tion over the body and Into the wake using the displacement thickness to

modify the body. In the separated region, a polynomial fairing was used

to approximate the displacement thickness from the separation point on

the body to some point In the wake, The globally interative scheme was

continued until convergence was met. A propeller calculation was per-

formed using a propeller field-point program and a pressure calculation

due to the propeller presence. The results were compared with experi-

mental data with good agreement; however, no wake calculations were given.

Recently Scbetz and Favin6 developed a Navier-Stokes code to pre-

dict the propeller region of a self-propelled body. We have developed a

complete flowfield prediction code which embeds the Schetz-Favin Navier-
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Stokes code in an inviscid outer flow and coupled boundary-layer flowfield

to predict the upstream boundary conditions, the initial estimate of the

flowfield within the Navier-Stokes region and the downstream near wake

region. For the nonseparating, nonpropelled body, only the interacting

boundary-layer code is needed.

Interactive Boundary-Layer Solution Method

The current method uses a boundary-layer solution with the edge

conditions matched to those given by a first estimate potential flow

distribution obtained through the Hess 2-D and Axisymmetric Potential

Flow Program. 7  The boundary-layer displacement thickness is added to

the body to generate a displacement body about which a new inviscid

pressure distribution is found. In the trailing edge region, separated

flow is approximated by a fairing of the body into the wake beginning at

a point above the separated regioh. Construction of the fairing is ac-

complished through an iterative procedure by locating the separated

region using a potential flow calculation, fixing a set of end points

and recalculating the potential flow solution. The fairing is adjusted

on each iteration until the inviscid pressure distribution Indicates that

the flow is nonseparating. The criterion for an inviscid indication of

separation was determined through trial and error using the boundary-

layer solution and is valid for all bodies. The flow about the fairing

is assumed to be similar to that of an attached flow. The trailing

edge region is thus "transformed" from a separating region to a non-

separating region. The solution is iterated until some convergence

criterion is met.

I. . .... . . ... ...... .. ... ' . ". ... .... ........
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Wake Model

The wake is modeled by first approximating it as a zero thickness ,1

body and assuming that the initial pressure distribution along the wake

is that of the pressure on the afterbody. Thus the wake is modeled in a

manner which allows a solution to proceed along with the body.

Propeller, Separated, and Wake Flows

Propeller, separated, and near-wake flows are treated using the

full Navier.Stokes equations. The region of solution extends from a

point on the body forward of the separated region to some point in the

wake. The locatton of these end points Is the result of two considera-

tions. First, the upstream boundary should be sufficiently forward of

the point of separation and the propeller so that the effects of each of

these may be included in the calculations. Second, a constant axial

stepsize is used in the region of solution, The x-stepsize is determined

by the location of the upstream boundary since a specific number of

points must be placed on the body to obtain a solution with sufficient

resolution,

The Navier-Stokes equations require boundary conditions all

around the closed region of interest, and the specific formulation used

in the present study requires additionally an initial estimate of the

stream function throughout the region of solution. Upstream conditions

include both viscous boundary layer and inviscid outer flow regions.

The conditions in the viscous region are supplied by the iterated boundary-

layer solution tn the form of velocity profiles. Conditions in the in-

viscfd region are obtained by calculating the inviscid flowfield about

WOOL ý_.."•" i'
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the displaced body, Likewise the initial estimate of the stream

functton is given by the flowfield about the di-splaced body, The upper

boundary conditions are taken as the velocities from the Initial stream

function. It is therefore required that the upper boundary be placed

sufficiently far from the body to insure that the effects of the pro-

peller and separated flow be negligible. By studying the results of

numerous test cases tt was found that for all bodies considered, the

upper boundary was indeed far enough removed from the body using the

normal stepsize which accompanies the axial stepsize (the two stepsizes

are directly related), Finally the downstream conditions are that both

a22/Bx2 and a2e/Bx2 vanish along this boundary.

"* *



ANALYSIS OF INTERACT-IVE METHOD

The boundary-layer solution is obtained through the use of basic

incompressible boundary-layer theory, valid for laminar and turbulent

flow with appropriate boundary conditions for wake calculations. The

laminar boundary-layer equations with transverse curvature effects in-

cluded8 are as follows:

(rU) +' (hr v)n u

uux + v(hu)n " -Px + - (hu).b'
n

where

r a r0 + encos.

h a I + CKn

To make the wake calculations, the conventional Levy-Lees trans-

formation was foregone as it is incapable of handling a sharp

trailing edge and body of zero radius. (The wake is represented as a

body-point, coordinates (x,O).) Therefore, the boundary-layer equations

were transformed using a variation of the Levy-Lees.

f xw2j U 2k dx

rJ+k dn

where j - 1 for 2-D flow and 2 for axisylmetric flow and k 1 for body

only flow and 2 for wake flow. This transformation eliminates both

6
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stagnation point-and sharp trailing edge singularities; however, it Is

not a similarity transformation and thus requires that the grid system .
be adjusted as the solution progresses to accofmmodate the growth of

the boundary layer.

The use of the new transformation yields equations of the same

form as those obtained through the Levy-Lees transformation.
+

With the definition F a u/U and c - c /v the momentum equation

becomes:

F + A1Fn + A2F + A3 + A4F . 0

A1 " [(Ao)n - V)/Ao

A2 * -OF/A 0

A3 a o/A0

A4 - -29F/A 0

2j0 +AO-w (1 /w

The method of solution involves using an initial velocity profile as a

guess and solving the momentum equation. The initial guesses used are

solutions from the previous iteration. On the Initial iteration on a

profile the converged solution of the previous station profile Is used.

At the stagnation point a removable singularity exists and the boundary-

layer equations become at c - 0:

F+V -0

V + Fn + (•+1)" 1 (F2-1) [ [(r/r w)2J(l++)Fn]n
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with additional boundary conditions from the edge velocity. The solu-

tion at the stagnation point yields a starting solution for the marching

procedure 'to begin.

Wake Calculations

In extending the solution into the wake, the same boundary-layer

equations are employed as on the solid body, now subject to the syimmetry

boundary condition, F'(x,O) 0 0. The solution is then obtained as

before. For each case (axisymmetric, 2-D, wake, and no wake) the calcu-

lation is begun at the leading edge and continued along the length of

the body so that no discontinuities will exist.

Eddy Viscosity Laws
For turbulent (and transition) flows, the Reynolds shear term is

given by a two-layer eddy viscosity model. Two different equations are

used for the eddy viscosity. One equation (referred to as the inner

law) is used in the region of the boundary layer near the wall, the

other equation (the outer law) is used in the outer region of the boundary

layer. The inner region extends from the wall to the point where the

eddy viscosity for the inner and outer laws are equal. The center region

extends from the matching point to the edge of the boundary layer. The

outer law, which follows Clauser's work using Klebanoff's intermittency

factor, gives values which tend to zero at the outer edge of the boundary

layer. The program provides the user with two choices for the inner eddy

viscosity law. One follows the work of Van Driest, the other is the eddy

viscosity law derived by Reichardt. In general, the results obtained

from the program using both laws have been equivalent, although the
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calculations using the Reichardt law required less computing time, and

therefore, the Reichardt law is recaomended for most applications.

Transition Models

Two transition models have been included for use in the boundary-

layer solution. Satisfactory agreement has beeni obtained with experi-

mental results for several cases involving transition, but only by

selecting appropriate values of the transition parameters CHICRT and

XBAR. Calculations involving transition are most satisfactory when done

ex post facto; that is, when the parameters can be appropriately adjusted

to obtain agreement with the experimental results.

The first transition model changes the flow instantaneously from

laminar to turbulent at a specified axial position and then reduces the

axial stepsize.

The second transition model provides a regime of transition from

laminar to turbulent flow. The calculation is started Atth the flow

laminar (e+-0), and at the beginning of transition, the flow is changed

to turbulent with the eddy viscosit,' attenuated by the transition

intermittency factor, The intennittency factor increases from zero to

unity as i increases, and the eddy viscosity reaches its fully turbulent

value at some distance downstream of the point where transition begins.

The procedure which is used to Indicate the beginning of trans!-

tion utilizes the vorticity Reynolds number which is given by the fol-

lowing expression:

a y
)2
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Transition is Initiated when the maximum value of x, Xmax exceeds a

critical value., xcrit(=CHICRT), which is generally in the range of

2000 to 4000.

The transition intemittency factor is given by the expression

r a 1 - exp(-At 2 )

where A m 0.412 and (x - Xo)/X

The value of x at the beginning of transition Is x0 and X is

a measure of the length of the transition region which is given by Owen

(1970) as Xr 3/4 -x/4

The values of x needed to calculate x cannot be predetermined

and an equivalent expression for x is used instead with X given by

the expression x - xo(i-l)/4 where R(-XBAR) is another measure of the

length of transition which is such that Xend of transition

x beginning of transition' When the Van Driest Inner eddy viscosity law

is used, the above expression is quite close to an exact equality. For

calculations with the Reichardt Inner eddy viscosity law equivalent re-

sults are obtained when R is increased by about 65 percent. Then,

however, the above expression misses equality by 65 percent. With the

Van Driest inner eddy viscosity law, 2.0 has been found to be an ap-

propriate value for XBAR for some cases and larger values of XBAR have

been required to obtain reasonable agreement with experimental results

in other cases. The values of CHICRT and XBAR cited above should pro-

vide reasonable initial estimates of appropriate values of these parameters.



ANALYSIS OF NAVIER-STOKES EQUATIONS

The Navier-Stokes equations are used to generate the near wake

behind the body and include the effects of separated flow. 6

An actuator disk provides a momentum increase to the flow which

simulates propeller effects for the wake region.

The full Navier-Stokes equations along with the definition of

vortlctty for the above inclusions are:

2 2 2 -I
--+~r u-- v---- |•- -- + 7f +l.• (1

at a x ay r r rar ax r r
and

ar + l j (2)
ar2 M2 raOr

From the above stream function, the u and v velocity com-

ponents can be obtained by ur - Wa/ar and vr - -90ax (3)

As shown in Fig. 1, the boundary conditions are as follows:

u(O,r) - U0 (r)

v(O,r) V(r)

t(x,H) - 0 (4)

*(xH) - *(x,H-ar) + Ue(x)Ar

At the downstream boundary, the following conditions are specified

a2 0/ax2 
• 0 and a2 2 * 0 (5)

Along the solid body

*(x,rw) * 0, ub •O, vb- 0  (6)

and finally in the wake,

*(xO) "0, &X((,O) 0 (7)

11



near the An thtrd-order Taylor series expansion, the stream function

Vi(xlrb4Ar) Ob + Aragi/ar + (ar) a O/r2 + (,&r) a0a~'r3 + ... (8)

Sihitlarly,

f22 2 ax393 / 3
* tjx+Ax,r) ' B + O/X + (AX) a t0/ax + (x) ax + . .(9)

Since u(r ) w 0 and v *w)N0, .0. Using these results, the

vortici~ty attewall becomes

4u2 T(X+Axlrb) ip(xirb+Ar)1
~b (U- 1+ - (10)

4b a rb rb (AX)' ('6r)

At the tail of the body rb approaches zero so a modified vorticity

equation is used.

4b 3*~(x,Ar)/(Ar)3  (1

An initial flowfield is set up by reading in the displaced, in-

viscid velocity field, The velocity field is then used to generate a

strewn function as follows:

Ar
O J + F. (ujrj+uj~lrj 1)(2

For an axisyrunetric body the integrated turbulent kinetic energy

equation is

b(x) b(x) b(Ox
Opu au a 2/3
-rdr * - rdr z Pk rd r (13)

0 ax 0 ar b 0

Defining an eddy viscosity and following Prandtl's model

T PEBu/ar UpO~ Lau/ar (14)

.yiw
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With L * c2 b, A * u/Us, and F - r/b, the TKE equation may be written

dr( c2U [ a 2- C d1i r£ db e dUe

dclx) aj a2E2 -~ l+--I-).,-

dx 2 L 4UeC2b2 l1  21Q dx 2b dx 2Ue dx

with 1 1 ,

I1(x) dF and I 2 (x) - (6/0) 2FdF (16)

To model tip losses from an actual propeller in the actuator zone,

the following analysis fs used. For the five points near the upper edge

. of the actuator zone, the force provided is defined by

x x
r 1 + cotr(17)

S 2 L

Elsewhere in the actuator zone

Fx/p- FO constant (18)

where Fxo is determined by a momentum loss caused by the boundary layer

defect.

The eddy viscosity is defined by

0.01686 Ue (19)

where

(,2 ( _-) rdr (20)

r . ."e



RESULTS AND DISCUSSION

In the present work the principle interest is in the near wake

predictions with and without both separated flow and an operating pro-

poller. Because of the modular solution procedure, the interactive

boundary-layer solution and Navier-Stokes solution, it is desired to com-

pare the predictions of each section with both numerical and experimental

data. Predicttons of the near wake regions obtained through the use of

the complete procedure are then given.

Long Cylinder Results

Interactive boundary-layer/potential flow predictions were com-

pared to the measurements of Wllmarth. 8 In this study, long, small

diameter cylinders were employed to develop thick, turbulent boundary

layers. A total of three cases were chosen for comparison purposes.

These cases reflect the effects of increasing the cylinder diameter and

consequently varying the degree of transverse curvature, Table 1 gives

the various physical descriptions of the cases under consideration.

Figures 2 and 3 give comparisons of the u/u+ profiles and velocity defect

profiles for Wilmarth's case 7. Figures 2 and 3 show excellent agree-

ment over the entire boundary-layer, while Fig. 4, giving a comparison

of the Law of the Wall velocity profile for the same case, shows a poorer

but still good agreement.

Figures 5, 6, and 7 give the corresponding profiles for case 11

which is a larger diameter cylinder at a higher freestream velocity.

Again, agreement in the comparisons of velocity profiles and velocity

defect profiles Is good with maximum error occuring between the 20 and

14



' ~40 percent of the boundary-layer thickness. This error may be attributed .

: to the constants used in the eddy-viscosity model where the inner and

outer law models are joined. Evidence of this is seen in the Law of the

Wall profile where maximum error, while very small, is found at the

extreme edge of the inner law region. ii

FB

Figures 8, 9, and 10 show comparison profiles for the case 14

cylinder. In Figs. 8 and 9, very good agreement is shown and general

behavior is much like that of the previous case. The difference in the

slope of the measured and computed profiles is reflected in the tabula-

tion of boundary-layer quantities for this case found in Table 5. In

Fig. 10, showing the comparison of' the Law of the Wall profile for this

case, the meeting of the two eddy viscosity laws is seen to have a more

localized impact, at the extreme edges of their regions of application.

Tabulated date giving the comparison and percent error of the

boundary-layer quantities: displacement thickness, boundary-layer

thickness, momentum thickness, friction velocity and friction coefficient

are found in Tables 3, 4, and 5.

NSRDC Self-Propelled Body Data
Further comparisons of both the interactive boundary-layer pro-

cedure results and the results obtained from the entwre system were made

agalnst the measured and calculated results obtained by the David W.
Taylor Naval Sh.p Research and Development Centers fo a body of revolu-

tion woth and wqthout the effect of an operating propeller. Several

cases were considered, each consisting of a submarine Wa ke hull with

varysng degrees of the the afterbody. Of the three treated an the

loaiedipct tte xrmeegsofter ein o pliain

Tablatd. dta.ivig.he.omprisnad ercnt rro ofth
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original work$ two were employed for comparison with the present

method, lat,, describing the bodies are given in Table 2.

Fi~gures 11 through 14 show velocity profiles on the aft portion

*of body 1 without an operating propeller, Agreement with experimental

data is good. At body location X/L - 0.915 deviations from the numerical

*results are significant, showing a less turbulent profile than NSRDC

predictions. At X/L -0.971, the current method predicts a more turbu-

lent flow than both experimental and numerical results of NSRDC. Figure

15 shows the pressure distribution over afterbody 1, and the prediction

is in good agreement with experimental values,

Figures 16 through 18 show the predictions obtained for afterbody

2 without an operating propeller. Agreement is good at position X/L

0.935 but deteriorates rapidly further aft. It should be noted that the

boundary-layer procedure predicted a flow near separation. On the initial

iterations the C distribution indicated a separating flow so that thep
body required modification to approximate the separated region. The re-

sult is the prediction of an extremely turbulent flow.

Figures 19 through 21 show comparisons of experimental and

nunerical data of Ref. 5 for afterbody 1 against predictions of the

Navier-Stokes solution for on-body points with propeller. Agreement

is fair, with the exception of the most upstream station where a some-

what more laminar flow is predicted than exists. This trend is

accentuated as the solution progresses down the body.

Figures 22 through 24 give the velocity profiles over afterbody

*2 with an operating propeller. Agreement is fair for X/L =0.935 but

* deteriorates as the solution approaches the propeller region. Navier-
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Stokes solutions in general show an extremely pronounced propeller ef-

fect on the flow.

ý1gures 25 through 28 show the wake predictions obtained through

the interactive boundary-layer procedure and those obtained through the

Navier-Stokes solution at progressively greater distances downstream of

the body. Agreement between the two is poor and at the most distant

profile considered, at X/L=I.40, the wake has effectively disappeared.

This result is expected, though inaccurate. The procedure requires that

15 grid points of 60 be placed on the body for sufficient accuracy of

the solution. However, in doing so, the x grid stepsize and hence the

location of the downstream edge of the region of solution is thus defined.

For the bodies under consideration, this requirement placed the region

end at an essentially near wake location. This situation violates the

downstream boundary conditions which are far wake conditions, and the

effects of this violation are clearly seen.

Figures 29 through 32 show results for case 1 including the ef-

fects of a propeller while Figs. 23 through 38 show the predicted wake

flows for case 2 with and without an operating propeller.

k x .'0 j P j'j ......... ........... ........................ ...... .. .. .... .......



COMPUTING TIME REQUIRED

,i: Computing time required with the IBM 370/158 computer using

the G compiler for executing the long cylinder predictions were

approximately 5.5 minutes for each iteration of the interactive

boundary-layer procedure. The execution of the interactive boundary-

layer solution corresponding to the submarine bodies used in Ref. 5

required aoprcximately 8.5 minutes for the initial boundary-layer

solution iteration and 2.0 minutes for subsequent iterations with

the restart option. Restart was performed along the approximately

cylindrical middle section of the body. Execution time for the Hess

Potential Flow Program is approximately 40 seconds using 100 points

for body description. Execution time when off-body flow properties

are desired increases the execution time by approximately 50 seconds

for 360 off-body points. Navier-Stokes solutions require approximately

6.0 minutes for no propeller cases and an additional 90 seconds when

a propeller is included.

18



CONCLUDING REMARKS

The comparison of the results of the boundary-layer procedure

against those experimental data of Ref. 8 was intended to establish the

capability of the procedure. The agreement shown in the above analysis

attests to this capabillty, and the demonstrated accuracy indicates that

the procedure could be relied upon in further treatment of other bodies.

The results of both the present interactive boundary-layer pro-

cedure and Navier-Stokes solution procedure were compared to other

numerical and experimental results, Agreement of the interactive pro-

cedure is, in general, good, while predictions of the complete system

were poorer. It is felt that if the region treated by the Navier-Stokes

solution procedure is extended far enough downstream to make the use of

far wake boundary conditions more appropriate, the results of such com-

putations will reflect a more realistic wake solution. This extension

will increase computational time approximately as the square of the array

size describing the Navier-Stokes region.
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TABLE I. CHARACTERISTICS OF CYLINDER TEST CASES,

Case 7 Case 11 Case 14

Dta. 0.250 0..500 2".000:

V, 160 192 204

Ra2  9494 23100 92310

Re6  1.44 X 104  1.42 X 104 2.16 X 104

1 Length for all cases: 18.3 ft.

2 Ra " Ud/2v, d * diameter

TABLE 11. CHARACTERI'STICS OF SUBMARINE TEST CASES

Case 1, N.P. 1  Case 1, W.P. 2  Case 2, N.P. 1  Case 2, W.P.

L3/D 1f0.975 10.975 10.975 10.975

La4/D 4.3078 4.3078 2.2472 2.2472

Le5/D 0.4 0.4 0.4 0.4

V1 100.00 100.00 100.00 100.00

Re 5.9 x 106  5.9 X 106 5.9 X 106 5.9 X 106

I No propeller 3 L - overall length 5 Le = length

2 With propeller La - length of afterbody
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p-L

TABLE III. COMPARISON OF BOUNDARY-LAYER QUANTITIES OF CASE 7

Quantity Data of Wilmarth Boundary-Layer % Error
Q uant t, yD ata f Wl m rth Calcul atlon ,'

a (ft) 0.0984 0.0732 26.60

6 (ft) 0.0171 00119 32.2

o (ft) 0.0158 0.0109 31.01

u+ (ft/sec) 6.6500 7.0747 -8.01

C f 3 .3 4 X 1 0 .3 3 .9 0 7 7 X 10 .3 -16 .9 9

TABLE I.V. COMPARISON OF BOUNDAYR,-LAYER QUANTITIES OF CASE 11

Quantity Data of Wllmarth Boundary-Layer % ErrorCalculation

a (ft) 0.0965 0.0778 19.84

S(ft) 0.0142 0.0127 10,56

e (ft) 0.0128 0.01125 12.10

u (ft/sec) 7.4087 7.811 -5.43

Cf 2,98 X 10`3 3.310 X 10 -11,07
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TABLE V. COMPARISON OF BOUNDARY-LAYER QUANTITIES OF CASE 14
II~~~ ~ .... . ... .. .i . ......

Quantity. Data of Wilmarth Boundar-Layer ErrorCalculation

a (ft) 0.1566 0.1184 32.26

8 (ft) 0.0245 0.0198 23.73

e (ft) 0.0196 0.0167 16.76

u (ft/sec) 6.979 7.546 -7.52

C 2.34 X 10"3 2.63 X 10"3 -11.02

23
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In operation
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Fig. 16 Velocity profiles of test case 2 without a
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Fig. 25 Velocity profiles In the near wake (X/L = I.023)
of test case I without a propeller In operation
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Fig. 32 Velocity profiles In the near wake (X/L = 1.4) of
test case I with a propeller In operation

55



0.05

VP I& SU Navler-Stokes

0.04 X/L = .01

0.03

y(ft)

0.02

0.01

0

0 0.2 .0.4 0.6 0.8 1.0
u te

Fig. 33 Velocity profiles In the near wake (X/L I. 0128)
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